The aim of this study was to evaluate the potential of microemulsions as a drug vehicle for transdermal delivery of citalopram. A computerized statistical technique of response surface methodology with mixture design was used to investigate and optimize the influence of the formulation compositions including a mixture of Brij 30/Brij 35 surfactants (at a ratio of 4:1, 20%-30%), isopropyl alcohol (20%-30%), and distilled water (40%-50%) on the properties of the drug-loaded microemulsions, including permeation rate (flux) and lag time. When microemulsions were used as a vehicle, the drug permeation rate increased significantly and the lag time shortened significantly when compared with the aqueous control of 40% isopropyl alcohol solution containing 3% citalopram, demonstrating that microemulsions are a promising vehicle for transdermal application. With regard to the pharmacokinetic parameters of citalopram, the flux required for the transdermal delivery system was about 1280 µg per hour. The microemulsions loaded with citalopram 3% and 10% showed respective flux rates of 179.6 µg/cm 2 and 513.8 µg/cm 2 per hour, indicating that the study formulation could provide effective therapeutic concentrations over a practical application area. The animal study showed that the optimized formulation (F15) containing 3% citalopram with an application area of 3.46 cm 2 is able to reach a minimum effective therapeutic concentration with no erythematous reaction.
Introduction
Citalopram (1-[3-(dimethylamino) propyl]-1-(4-fluorophenyl)-1,3-dihydro-5-isobenzofurancar bonitrile, C 20 H 21 FN 2 O) is a selective serotonin re-uptake inhibitor with a molecular weight of 324.40 g/mol and a pKa of 9.59. It was approved by the US Food and Drug Administration in 1998 to treat the symptoms of major depression. [1] [2] [3] In the clinical setting, citalopram is used alone or in combination with other antidepressant and/or antipsychotic drugs to treat a variety of psychiatric disorders. 4 Citalopram is available as 10 mg, 20 mg, and 40 mg tablets. The recommended starting dose is 20 mg/ day, with a maximum dose of 40 mg/day. After oral administration, the most common gastrointestinal side effects are nausea (21%) and xerostomia (20%). The nausea is caused when the 5HT3 receptors are activated by serotonin, when the receptor is exhibited in the digestive tract. 5HT3 receptors also stimulate vomiting, and the dose administered must be adjusted when this occurs. 5, 6 There has been a recent clinical report of subacute cutaneous lupus erythematosus caused by oral citalopram, highlighting that the indication for and dose of citalopram must be monitored carefully. administered via the transdermal route. [8] [9] [10] A transdermal drug delivery system able to bypass the gastrointestinal tract may be a suitable administration route for citalopram to avoid gastrointestinal side effects. Moreover, citalopram has a low molecular weight and the daily dose needed is small, which makes it a promising candidate for transdermal delivery. The stratum corneum is a major obstacle in the transport of a foreign compound in a transdermal delivery system. In the past decade, numerous strategies have been investigated for their ability to increase drug permeation capacity through the skin, including vehicles, chemical penetration enhancers, iontophoresis, electroporation, ultrasound, and microneedle technologies, used alone or in combination. [11] [12] [13] [14] [15] In recent years, ethosomes, microemulsions, liposomes, and polymeric nanoparticles have shown potential as drug vehicles in modifying the properties of therapeutic agents and in improving their transport through the skin. [16] [17] [18] [19] [20] [21] M i c r o e m u l s i o n s a r e o p t i c a l ly i s o t r o p i c a n d thermodynamically stable colloidal systems. Droplet size is typically in the range of 10-100 nm. [22] [23] [24] They are typically composed of an aqueous phase, oil phase, surfactant, and cosurfactant. Microemulsions can be prepared by spontaneous emulsification, which offers several advantages over other drug vehicles, such as liposome and polymeric nanoparticles, including lower preparation costs, high drug loading, no need for an organic solvent, and a long shelf-life for both hydrophilic and lipophilic therapeutic agents. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Numerous studies have demonstrated that microemulsions can improve drug transport through the skin compared with conventional topical preparations, such as gels, creams, and ointments. [26] [27] [28] [29] Hence, microemulsions were used as the vehicle for transdermal delivery of citalopram in the present study.
Obtaining an optimal transdermal formulation with the appropriate properties of a high permeation rate, a shortened lag time, and minimal requirement for experimental investigation is an important issue in the development of a pharmaceutical formulation. A statistical optimization tool based on response surface methodology and experimental formulations, such as central composite, Box-Behnken, factorial, and mixture designs, 16, [30] [31] [32] [33] [34] [35] [36] has been used widely, because it can evaluate the main effects and interaction of all variables simultaneously. Hence, response surface methodology with a constrained mixture design was used to develop an optimal citalopram-loaded microemulsion for topical application, and the effect of composition of the microemulsion on the ability of citalopram to permeate rat skin was investigated.
Materials and methods Materials
Citalopram hydrobromide was purchased from Arch Pharmalabs Ltd (Mumbai, India). Verapamil chloride was purchased from Sigma-Aldrich (St Louis, MO, USA). Polyoxyl 23 lauryl ether (Brij 35) and polyoxyl 4 lauryl ether (Brij 30) were sourced from Acros Organics (Fair Lawn, NJ, USA). Isopropyl myristate and isopropyl alcohol were purchased from Merck Chemicals (Darmstadt, Germany). All other chemicals and solvents were of analytical reagent grade.
Construction of phase diagrams
Phase diagrams were constructed using the water titration method to obtain the level range of each component for the existence range of microemulsions. A surfactant mixture of Brij 30/Brij 35 at a ratio of 4:1, isopropyl myristate, and aqueous solution containing 40% cosurfactant including isopropyl alcohol, propylene glycol, and poly(ethylene glycol) (PEG) 400 were used. Mixtures of oil phase and the mixed surfactants were diluted at defined weight ratios (1/9, 2/8, 3/7, 4/6, 5/5, 6/4, 7/3, 8/2, 9/1) with aqueous phase dropwise under agitation until the mixture became clear. The amounts of components used were recorded to complete the phase diagrams.
Preparation of citalopram-loaded microemulsions
A constrained mixture design 37 consisting of three independent variables was used in this study to prepare model citalopram-loaded microemulsions. The oil phase was fixed at 10% because citalopram is a hydrophilic compound. The effect of the amount of oil on drug solubility in the microemulsion was negligible. The amounts of mixed surfactants, isopropyl alcohol, and double-distilled water were used as independent variables. The range of independent variables was selected according to the phase diagrams. The total amount of the varying excipients was maintained at 90% of the total amount of the formulation. Notes: Amount of citalopram and isopropyl myristate was fixed at 300 mg and 1.0 g, respectively; total amount of three variables of X 1 (Brij 30/Brij 35 = 4/1, 20%-30%), X 2 (isopropyl alcohol 20%-30%), and X 3 (distilled water, 40%-50%) was 9.0 g X 1 + X 2 + X 3 = 1. Abbreviations: LT, lag time; PI, polydispersity index.
was dissolved in the final microemulsion formulations. No precipitation was observed.
Characterization of microemulsions
A cone-plate viscometer (Model LVDV-II, Brookfield Engineering Laboratories, Middleboro, MA, USA) was used to determine the viscosity of the citalopram-loaded microemulsions. Five milliliters of sample was loaded into the plate, and the temperature was maintained at 37°C for 3 minutes using a thermostatic water pump. The rotation rate was set at 120 rpm. Readings were taken 20 seconds after measurement was started. Each datum point represents the average of three determinations. A photocorrelation spectroscope equipped with laser light scattering (Zetasizer 3000HSA, Malvern Instruments, Malvern, UK) was used to measure the droplet sizes in the citalopram-loaded microemulsions. The helium-neon laser was set at 633 nm. A 50 µL sample was diluted in distilled water to 3 mL, loaded into a cuvette, and placed in the scattering chamber at room temperature. Light scattering was set at a fixed angle of 90°.
Skin permeation study
The ability of citalopram in the various microemulsions to permeate skin was determined using a modified Franz diffusion cell. Abdominal skin excised from a Wistar rat (275-300 g) was mounted between the receptor cell and donor cell with the stratum corneum facing upwards. The effective diffusion area of the cell was 3.46 cm 2 . The donor cell was loaded with 1 mL samples of the citalopram microemulsions and occluded by Parafilm ® (Pechiney Plastic Packaging Company, Chicago, IL, USA). The receptor cell was filled with 20 mL of phosphate buffer (0.05 M, pH 7.4), and its temperature was maintained at 37°C ± 0.5°C during the experiment. At specific intervals, 500 µL of receptor medium was withdrawn and analyzed using high-pressure liquid chromatography. 38 All experiments were repeated three times and averaged. The skin permeation protocol was approved by the Institutional Animal Care and Use Committee of Kaohsiung Medical University. The committee confirmed that the permeation experiment followed the guidelines set out by the Guide for Laboratory Fact Lines and Care.
In vivo animal study
Male Wistar rats weighing 250-275 g were anesthetized throughout the study using urethane 25% (Sigma-Aldrich) given as an intraperitoneal injection (0.33 µL per mg of rat body weight before the study). Glass cylinders, each with an available area of 3.46 cm 2 , were glued onto rat abdominal skin. Next, 1 mL of each microemulsion formulation was added to a cylinder. Blood samples (0.5 mL) were drawn from the jugular vein at each sampling time. The methods used to prepare the samples were modified from those used in a previous study, 39 ie, a 150 µL plasma sample was added to 50 µL of verapamil as the internal standard and vortexed for 2 minutes, then added to 600 µL of methanol and vortexed for a further 2 minutes. The mixtures were centrifuged at 2500 g for 5 minutes to spin down the protein aggregates. The supernatants were then analyzed by high-pressure liquid chromatography.
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Skin erythema study Glass cylinders with an available area of 2.42 cm 2 were glued onto rat abdominal skin, and a 1 mL sample of each microemulsion formulations was added to each cylinder. The formulation were moved at the sampling point and the rat skins were examined using a chroma meter (MiniScan ® XE Plus, HunterLab, Reston, VA, USA). The color reflectance of the rat skin was recorded as Commission Internationale de l'Eclairage (CIE) in three-dimensions (L* for a*, b*). A defined area near the treated site was designated as the control. 40 
Chromatographic conditions
An L-7100 series high-pressure liquid chromatography system (Hitachi, Tokyo, Japan) and a Supelco Discovery ® Bio Wide Pore C5 column (150 × 4.6 mm ID, particle size 5 µm, SigmaAldrich) were used for analysis of the citalopram concentration and modified from a previously reported method. 3 A mixture of 0.025 M potassium dihydrogen phosphate and acetonitrile at a ratio of 60:40 (v/v) was used as the mobile phase. The flow rate was set at 1 mL per minute. The detection wavelength was set at 237 nm. Verapamil 300 µg/mL was used as the internal standard. The citalopram concentration ranged from 5 µg/mL to 1000 µg/mL with linearity (r 2 = 0.9993). The limit of quantitation was 1 µg/mL. For the in vivo animal study, the plasma concentration was measured by fluorescence detection modified from a previous method. 39 An L-2480 series fluorescence detector (Hitachi) and a Supelco Discovery Bio Wide Pore C5 column (Sigma-Aldrich) were used. The excitation wavelength was 249 nm, and the emission wavelength was 302 nm. The in vivo concentration of citalopram ranged from 5 ng/mL to 500 ng/mL with linearity (r 2 = 0.9999). The limit of quantitation was 1 ng/mL.
Data analysis
The cumulative amount of citalopram transported across rat skin was plotted as a function of time. The slopes of the resulting linear plots in the steady state were calculated, and the permeation rate (flux) was determined from the slope. Time to first detection of the drug was selected as the lag time.
The independent variables (X 1 , X 2 , and X 3 ) and responses (flux and lag time) of all model citalopram-loaded microemulsions were analyzed using Design-Expert ® software (Stat-Ease Corporation). Polynomial linear, quadratic, and cubic equations were used to show the relationship between the independent variables and responses. Statistical parameters, including the multiple correlation coefficient (R 2 ), adjusted multiple correlation coefficient (adjusted R 2 ), coefficient of variation, P value for the model (,0.05), and P value for lack of fit (.0.05) validated by Design-Expert software (Stat-Ease Corporation) were used to select the model equation with best fit.
Results and discussion
Pseudoternary phase diagrams
The excipients used to prepare the microemulsions were pharmaceutically accepted ingredients. Isopropyl myristate is used widely as a nongreasy emollient and emulsifying agent 
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in topical cosmetic and pharmaceutical products. 41 Moreover, it shows a permeation enhancement effect, 42 so it was used as the oil phase. Brij 30 and Brij 35 are nonionic surfactants with reliable biological compatibility, and are also widely used in topical pharmaceutical and cosmetic products. 41 The hydrophilic-lipophilic balance required for isopropyl myristate was about 11.1. Therefore, the mixed Brij 30/ Brij 35 surfactant was used at a ratio of 4:1 to give a blended hydrophilic-lipophilic balance of about 11.1. Previous studies have reported that a short-chain alkanol cosurfactant can be incorporated into the interfacial layer, resulting in reduced interfacial energy and tension. Cosurfactants can also modify the hydrophilic-lipophilic balance of the surfactant to an appropriate value suitable for formation of a microemulsion. Addition of a cosurfactant can decrease the amount of surfactant needed in a microemulsion. 42, 43 Cumulative amount (µg/cm 
Time (hours)
Figure 2
In vitro penetration-time profile of model citalopram formulations and aqueous control of 40% isopropyl alcohol containing 3% citalopram through rat skin (n = 3).
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The effect of a cosurfactant depends on its chain length; only appropriate chain lengths are suitable for good formation of a microemulsion. 44 Therefore, three kinds of alkanol, ie, isopropyl alcohol, propylene glycol, and PEG 400, were used in this study to evaluate the effect of cosurfactants on the formation of microemulsions. Pseudoternary phase diagrams were constructed to determine the appropriate compositions of the microemulsions and to evaluate the effect of the cosurfactants. As shown in Figure 1 , larger microemulsion regions were obtained when the microemulsion was prepared with isopropyl alcohol. A large microemulsion region gives the investigator the flexibility to vary the ingredients to obtain an appropriate formulation with low surfactant and cosurfactant concentrations and a higher permeation rate. Hence, isopropyl alcohol was used subsequently.
Based on the pseudoternary phase diagrams, the quantitative measures of the independent variables, ie, X 1 , X 2 , and X 3 , were set at 25%-30%, 25%-30%, and 45%-60%, respectively. Various citalopram-loaded microemulsion formulations were prepared according to the constrained mixture design, and their physicochemical properties and permeation parameters were determined.
Physicochemical characteristics of microemulsions
Droplet size, polydispersity index, and viscosity are shown in Table 1 . The droplet size of the model citalopram-loaded microemulsions ranged from 13.2 nm to 38.0 nm. The polydispersity index ranged from 0.30 to 0.47. All measurements below 0.5 indicated narrow deviation from the average size. The viscosity of the citalopram-loaded microemulsions ranged from 7.08 to 13.07 × 10 3 cps at 37°C. Our results demonstrate that the combinations in the formulation had a predominant effect on the physicochemical properties of the microemulsions. All the drug-loaded microemulsions remained clear during the in vitro experimental period and at room temperature for more than one year.
Skin permeation study
The influence of the ingredients in the microemulsions, including the surfactant, cosurfactant, and water mixture on drug penetration capacity was investigated by response surface methodology. Fourteen 3% citalopram-loaded model microemulsions were prepared and the permeation parameters were determined by in vitro permeation study. An aqueous solution of 40% isopropyl alcohol containing 3% citalopram was used as a control to evaluate the enhancement effect of the microemulsions.
The permeation profiles for the model microemulsions and the aqueous control are plotted in Figure 2 . Zero-order release kinetics were suitable to fit the curves for all formulations (R 2 . 0.9920). The flux (µg/cm 2 per hour) was calculated. The permeation parameters for all formulations are summarized in Table 1 . The flux of the microemulsions ranged from 153.77 µg/cm 2 to 245.62 µg/cm 2 per hour, while the lag time ranged from 0.83 hours to 3.0 hours. The wide deviations demonstrate that the permeability of citalopram from the microemulsions was significantly influenced by the composition, ie, proportions of surfactant, cosurfactant, and water in the mixture. The flux and lag time of the aqueous control were 24.2 ± 2.5 µg/cm 2 per hour and 6.2 ± 0.8 hours, respectively. When the microemulsion was used as a vehicle, the drug flux increased by 6.4-10.1-fold and the lag time shortened from 6.2 hours to 0.8-3.0 hours, as compared with the aqueous 40% isopropyl alcohol solution. These results were in agreement with previous studies [45] [46] [47] [48] [49] [50] reporting that microemulsion systems can increase transdermal drug transport. The mechanism might be attributed to the drug activity in the formulation being promoted by the combined effect of the hydrophilic and lipophilic components of the microemulsion. Further, microemulsions can decrease the interface tension between vehicle and skin, leading to faster permeation. 29, 51 To estimate the quantitative effects of the formulation factor on the permeation parameters of citalopram-loaded microemulsions and to obtain the appropriate formulation, the data collected for responses (flux and lag time) in the model microemulsions were analyzed statistically using response surface methodology and Design-Expert software. The (Stat-Ease Corporation) mathematical polynomial equation to describe the flux may be written as:
The P value for the model equation was less than 0.05, showing that the model is suitable for describing the relationship between the independent variables and the response. The P value for lack of fit was 0.2331, showing no indication of significance, which further confirmed the satisfactory fitness of the model. The coefficients for the X term conveyed the intensity of effect of the independent variables.
Coefficients with more than one factor term or higher order term in the regression model polynomial equation represent interaction or quadratic relationships, respectively. The interaction of the three factors showed the highest effect on drug permeation. In the main factor, the surfactant (X 1 ) submit your manuscript | www.dovepress.com
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showed the greatest effect, followed by the cosurfactant (X 2 ) and aqueous phase (X 3 ). The response surface plot was constructed to illustrate the relationship between the independent and dependent variables used (Figure 3 ). Higher flux was observed in microemulsions with specific ratios of surfactant/cosurfactant/aqueous phase (eg, X 1 at a low level, and X 2 and X 3 at a medium level). Surfactants can increase membrane fluidity, drug solubilization, and extraction of lipid from the stratum corneum, resulting in better permeation. 52 With addition of excess surfactant, the thermodynamic activity of the drug in microemulsion may decrease, leading to decreased drug transport. 53 The polynomial equation to depict lag time may be written as:
The P values of the model and lack of fit were ,0.0001 and 0.1218, respectively, indicating that the selected equation can depict the relationship between formulation factors and lag time. The polynomial equation demonstrated that interaction of the three factors had the most significant effect. The surface response plot is shown in Figure 3 . It was found that microemulsions with X 1 and X 3 at low levels and X 2 at high levels had a shortened lag time.
Appropriate In order to increase flux of microemulsion (F15) further, the loading dose was increased from 3% to 10%. As shown in Figure 4 , the flux increased with increasing 
In vivo animal study
The in vivo transdermal study result is shown in Figure 5 , indicating that the predicted optimized formulation (F15) provided an area under the concentration-time curve (AUC 0-6 ) of about 402.59 ± 74.39 ng ⋅ hr/mL, which is 10-fold higher than for the controlled formulation (isopropyl alcohol 40%, 39.40 ± 10.10 ng ⋅ hr/mL). The C max for F15 is 112.97 ng/mL and the T max is at 4 hours. F15 reached the minimum effective therapeutic concentration (44.84 ± 15.45 ng/mL) in less than 2 hours after transdermal administration, indicating potentially adequate efficacy for the treatment of depression in the future.
Skin irritation study
The irritation test was estimated by the changing level in L* (white-black index) and a* (red-green index, Table 2 ). Time (hours) Figure 5 Plasma concentration-time curve for citalopram in rats after transdermal administration of 3% citalopram microemulsion (F15). Note: Each sample point represents the mean of three experiments (mean ± standard error of the mean). Abbreviations: IPA, isopropyl alcohol; ME, microemulsion. Notes: Control, untreated rat skin site. L*, white-black index; a*, red-green index; b*, yellow-blue index. All four groups of formulations showed no significant difference in L* (white-black index) or a* (red-green index) compared with untreated skin near attachment site. All data represent the mean of three experiments.
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Both microemulsion formulations (containing 0% or 3% of citalopram) showed no significant difference in L* or a* at 6 hours, meaning that there is no erythematous reaction even after the formulation reaches the minimum effective therapeutic concentration for citalopram.
40,54,55
Conclusion
The permeation rate of citalopram from microemulsions was conspicuously increased and the lag times were also shortened. The compositional proportions in the microemulsion are important in determining the efficacy of the microemulsion as a drug transdermal delivery system. Response surface methodology is a potential tool for investigating the influence of independent variables on dependent variables (responses) and for obtaining an appropriate formulation. The flux of experimental citalopram-loaded microemulsions is expected to provide adequate therapeutic efficacy in a workable application area. Throughout the in vivo study, the formulation was able to reach therapeutic plasma levels, and is worthy of investigation as a transdermal antidepressant drug delivery system.
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